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We first extend our recent experiments of correlation imaging through scattering media to the case of a thick medium,
composed of two phase scatterers placed respectively in the image and the Fourier planes of the crystal. The spatial cor-
relations between twin photons are still detected but no more in the form of a speckle. Second, a numerical simulation
of the biphoton wave function is developed and applied to our experimental situation, with a good agreement.
Since its introduction in 19951, correlation imaging based
on entanglement has become a vivid field of quantum optics2.
In particular, it has been applied to image formation through
inhomogeneous media, an important and challenging problem
for which a wide variety of solutions has been offered3. In
the last decades, imaging with entangled light through both a
thin4–6 and a thick7–10 complex medium has been extensively
considered. The spatial correlations hidden in the quantum
fluctuations of multiple scattered light have been investigated
theoretically7,8,10,11 and experimentally6,9. In 2010, Peeters et
al.4 reported experimental observation of two photon speckle
patterns in the quantum correlations transmitted through ei-
ther a surface or a volume scatterer using two independently
scanning detectors. They measured coincidence count rates
between punctual detectors.
The purpose of the present paper is twofold. First, we ex-
tend to multiple scattering light the results we have recently
presented6 for a single phase diffuser, by imaging the spatial
quantum correlations with two electron-multiplying charge
coupled device (EMCCD) cameras. In the present experi-
ment, the thick scattering medium consists in two identical
phase diffusers with the second in the far-field of the first one,
as in Ref.4. Results obtained with two experimental arrange-
ments are reported : one with the cameras placed in the im-
age plane (i.e. near-field NF) of the thin crystal, and the sec-
ond one with the cameras placed in the Fourier plane of the
thin crystal (i.e. far-field FF). We also introduce a numerical
method of simulation of the biphoton wave function and com-
pare its results to the experimental results presented here or
obtained previously with a thin scattering medium6.
The first experimental setup is presented in Fig. 1. The
collimated pulsed laser at 355 nm (Q-switched Nd:YAG laser,
330 ps pulse duration, 27 mW mean power, 1kHz repetition
rate and 1.6 mm FWHM beam diameter) illuminates a 0.8 mm
long β -barium borate (BBO) crystal. Entangled photon pairs
are generated by noncolinear type-2 Spontaneous Parametric
Down Conversion (SPDC). The 4 f imaging system formed by
lenses L1 and L2 ( f1 = f2 = 125mm) images the crystal (i.e.
NF of the SPDC beams) onto the first thin scatterer D1 with
a magnification of 1. The cross-polarized entangled photon
pairs transmitted by the scatterer D1 are separated because of
a)Electronic mail: gnatiessoro.soro@femto-st.fr
FIG. 1. Experimental setup for NF correlations. First scatterer D1
lies in the image plane P′ of the crystal and the second scatterer D2
lies in the FF of D1. Detection planes of the cameras are conjugated
with P′
.
noncolinear phase matching and propagate through the second
thin scatterer D2 lying in the FF plane of the first one because
of the lens L3 ( f3 = 75mm). On both cameras, NF images of
the SPDC beams are formed with a magnification of 2 by the
afocal systems L3−L4 and L3−L5 ( f4 = f5 = 150mm) and
with an exposure time of 100 ms (i.e. 100 laser shots). The
cameras are placed behind narrow-band interferential filters
F1 and F2 (@709nm, ∆λ = 4nm), ensuring that the exper-
iment operates in the quasimonochromatic regime. The thin
scatterers are glass slides with one side attacked with fluorydic
acid6. First, we discuss the experimental results when the two
scatterers D1 and D2 are removed in the experimental setup.
Fig. 2a shows a single NF image of the SPDC conditioned by
the pump beam size. The spatial position correlation function
in Fig. 2b is calculated by summing the correlations between
signal-idler images of the same pairs. While the spatial repar-
tition of photons in the single NF image (Fig. 2a) is propor-
tional to the pump beam profile, the position spatial correla-
tion function shows a narrow correlation peak whose integral
corresponds to a ratio of detection events in pairs12 of 24%.
From figures 2a and 2b, and taking in account the magnifica-
tion of 2 of the afocal systems, we measure the standard devi-
ations of the SPDC beams σSPDCx = 1.5mm, σSPDCy = 1.4mm
and the standard deviations of the correlation peak σx = 8µm,
σy = 7µm along the x and y axes, respectively.
Second, we consider the case where the scatterer D1 is in-
serted in the plane P′ without the scatterer D2. Fig. 2c shows
a single NF image of the SPDC transmitted through the scat-
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FIG. 2. Near-field experimental images. (a) and (b): without scat-
terer, (a) average photon number (signal or idler) (b) measured mo-
mentum correlation function in dB between 100 twin images. (c)
and (d): with the thin scatterer D1, (c) average photon number (d)
measured momentum correlation function in dB over 40 000 twin
images. (e)and (f): with the scatterers D1 and D2, (e) average pho-
ton number, (f) measured momentum correlation function in dB over
40000 twin images.
terer D1 and conditioned by the pump beam size. Because
of the multimode character of the entangled light issued from
one beam of the SPDC light, no one-photon speckle can be
observed, as previously shown in Refs4,6. The position spa-
tial correlation function obtained in Fig. 2d shows a narrow
correlation peak with the ratio of detection events in pairs of
21%. The ratio of the detection events obtained in Fig. 2b
and Fig. 2d are close to the effective quantum efficiency 26%
of the entire detection system6. Indeed, the absence of a two-
photon speckle pattern in the spatial correlation function in
Fig. 2d is consistent with the fact that a pure phase object,
even random, does not change the intensity in NF, with no ef-
fect on NF spatial correlations. The asymmetry observed in
the spatial correlation functions (see figures 2b and 2d) is due
to some residual astigmatism aberrations and defocusing of
the imaging systems.
Finally, we discuss an experiment where the thick scatterer
is used. The experimental set-up corresponds to Fig. 1 where
the scatterer D1 lies in the plane P′ and the scatterer D2 in the
plane (P′′). Fig. 2e shows a single NF image of the SPDC.
The spatial correlation function in Fig. 2f exhibits no speckle
pattern, unlike with a single scatterer. On the other hand, the
ratio of detection events in pairs is only slightly reduced to
16%. We will see later in the article that the absence of struc-
ture in this correlation image can be explained by an inco-
herent superposition of speckle structures, different for each
couple of signal-idler points.
While the previous experimental setup used to measure NF
spatial correlations is similar to the configuration (c) used in
ref.4, the experimental setup used in this section and depicted
in Fig. 3 is different. First, we remove the two thin scat-
terers D1 and D2 in the experimental setup and we measure
the FF momentum spatial correlations. Fig. 4a shows a typ-
ical single FF image of SPDC conditioned by phase match-
ing. The spatial cross-correlation function obtained in Fig. 4b
is calculated by summing the cross-correlations of the signal
f4
f5
4
5
FIG. 3. Experimental setup for FF correlations. First scatterer D1
lies in the Fourier plane P′ of the crystal and the second scatter D2
lies in the FF of D1. Detection planes of the cameras are conjugated
with P′.
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FIG. 4. FF experimental images. (a) and (b): without scatterer,
(a) average photon number (signal or idler) (b) measured momen-
tum correlation function in dB between 100 twin images. (c) and
(d): with the thin scatterer D1, (c) average photon number (d) mea-
sured momentum correlation function in dB over 40 000 twin im-
ages.(e)and (f): with the sscatterer D1 and D2, (e) average photon
number, (f) measured momentum correlation function in dB over 40
000 twin images.
image with the 180◦ rotated idler image of the same pair of
images. In this reference experiment, the momentum corre-
lation in Fig. 4b shows a narrow peak. Similarly to the NF
measurements, we calculate the ratio of the detection events
in Fig. 4b and we obtain 21%. From figures 4a and 4b, we
measure the standard deviations (in spatial frequency unit) of
the SPDC beams σSPDCνx =σ
SPDC
νy = 35mm
−1 and of the corre-
lation peak σνx = 0.9mm−1, σνy = 0.8mm−1 along the x and y
axes, respectively. Considering the NF and FF spatial dimen-
sions of the SPDC beams (σSPDCx ' σ pumpx ,σSPDCy ' σ pumpy
and σSPDCνx ,σ
SPDC
νy ) and their temporal properties (i.e. tempo-
ral and spectral standard deviations σSPDCt ' σ pumpt = 200 ps
and σSPDCνt = σ
F1,F2
νt = 1.8T Hz), we calculate the theoretical
Schmidt numbers of the biphoton state along the x, y and t
dimensions by:
Kx,y,t =
1
2
σ pumpx,y,t 2piσSPDCνx,νy,νt (1)
Using Eq. 1, we obtain Kx = 165, Ky = 154 and Kt =
1.1×103. Then, the spatio-temporal dimensionality of the en-
tangled states defined as K = KxKyKt is approximately equal
to 3×107.
3Second, we consider an experiment where the scatterer D1
is inserted in the plane P′ without the scatterer D2. Figures
4c and 4d show a single FF image of SPDC and the spatial
momentum correlation function, respectively. As for the NF
spatial position correlations (see Fig. 2d ), Fig. 4d shows a
narrow correlation peak, because we apply a pure phase ob-
ject in the FF that does not modify the intensity used to mea-
sure momentum correlations. The degree of correlation (i.e
the ratio of the detection events in pairs) is equal to 14%. In
this configuration, the degree of correlation with D1 inserted
is significantly reduced due to the propagation of the SPDC
beams off the lens axis. In this case a significant part of the
scattered light is not collected, particulary at L2 lens.
Third, we consider the case of the thick scatterer where the
scatterer D1 lies in the plane P′ and the scatterer D2 in the
plane P′′, as depicted in Fig. 3. In this case, Fig. 4e shows a
single FF image of SPDC conditioned by phase matching. For
the FF spatial momentum correlation function, Fig. 4f shows
an incoherent superposition of speckle patterns with a FWHM
of δνx ' δνy = 10mm−1. The ratio of the detection events in
pairs calculated from Fig. 4f is equal to 12%, close to that
obtained with only the thin scatterer D1 in Fig. 4d. The dif-
ference can be explained by supplementary losses induced by
the second thin scatterer D2. From the standard deviations of
the NF and FF correlation peaks, we estimate the experimen-
tal Schmidt number or the degree of the Einstein-Podolsky-
Rosen (EPR) paradox13 to V =
√
VxVy =
√
122×264' 180.
This value is smaller than the spatial Schmidt number ob-
tained with Eq. 1 because of all imperfections of the imaging
systems, especially for NF measurements where the correla-
tion peak is enlarged because of astigmatism aberrations (due
to off-axis propagation of the SPDC beams).
We report now a purely numerical method of simulation of
the biphoton wave-function and show results in good agree-
ment with the experimental preceding sections. Let us first
consider a thin crystal, illuminated by a pump beam with a
transverse amplitude distribution Ep(r). The biphoton wave
function at two points rs = (xs,ys) and ri = (xi,yi) of the de-
tection plane for the signal and the idler, respectively, can be
written as14:
|ψ(rs,ri)>=
∫
drEp(r)hs(rs,r)hi(ri,r) (2)
where hs(rs,r) and hi(ri,r) are the impulse response functions
of the linear, passive, non absorbing optical systems in which
the fields propagate between the crystal and the signal/idler
detection planes. Eq.2 can be established by expressing the
correspondence between the Schrödinger and the Heisenberg
points of view for such a system15. Note that the detection
can occur in the Fourier plane, in which case the transverse
coordinates rs, ri are proportional to the spatial frequencies in
the crystal plane.
Let us now consider a thick crystal. An analytical treatment
becomes much more difficult and leads to double or triple
integrals14,16, if we attempt to let appear explicitly physical
features like the phase matching function, an object in one
or two beams and so on. For two signal and idler images of
N×N pixels, the biphoton wave function includes N4 values.
If each value is calculated with a triple integral, the numer-
ical computation evolves as the 10th power of N, which is
prohibitive. We propose here a purely numerical approach,
that consists in writing the wave function for a thick crystal as
the coherent sum of the wave functions corresponding to each
slice of the crystal:
|ψ(rs,ri)>=
∫
dz
∫
drEp(r,z)hs(rs,r,z)hi(ri,r,z) (3)
where z stands for the coordinate in the crystal along the prop-
agation direction. For a given crystal slice, the propagation in
the further slices is taken into account in the Fourier domain
by multiplying the slice impulse response by a quadratic phase
term, in a way similar to the usual split-step propagation algo-
rithm employed to solve, in classical nonlinear optics, the non-
linear Schrödinger equation. The method is valid inasmuch as
it is possible to neglect the chance that a pair of twin photons
seeds the production of a further pair. This approximation is
inherent to the formalism of the biphoton wave function: it is
assumed that all pairs are independent. This is the condition
to obtain a whole description of parametric fluorescence by
signal-idler joint probabilities describing a unique pair of pho-
tons. This condition is fulfilled if the gain per spatio-temporal
mode is much less than unity. This approximation, inherent
to the very basis of the formalism, is the only one: all geome-
tries can be envisioned, including non homogeneous (periodi-
cally poled) crystals17, multiple crystals, and, here, a diffusing
medium after the crystal.
With this method and for N ≥ 32, the computation time
is proportional to M×N6, where M is the number of crystal
slices. For each slice, N2 impulse responses are computed,
by propagating an input numerical Dirac pulse (unity on one
pixel, zero on the others). For N ≥ 32, the computation time
of these impulse responses is negligible versus the time of
computation, by a simple term by term multiplication, of the
N4 contributions to the wave function resulting, for one input
Dirac pulse, from the two output fields. With M = 40 crystal
slices, sufficient for the 0.8mm BBO crystal of the experiment,
the computation time on a professional PC is about 8 minutes
for an image of 32×32 pixels, 8 hours for 64×64 pixels. The
subsequent steps are rapid and straightforward. First, the non
normalized signal-idler joint probability is computed as the
squared modulus of the non normalized wave function. Then,
the quantities of interest are obtained by the appropriate sum-
mations. Two examples are as follow. The signal intensity
for a pixel results from a sum of the N2 joint probabilities be-
tween this signal pixel and all the idler pixels. The correlation
for a given value of rs−ri is obtained by summing all the joint
probabilities corresponding to this difference and dividing by
the total signal (or idler) intensity. With this definition, the
correlation is normalized: we have verified that the sum of its
values over all pixels is equal to one. The other quantities of
interest are calculated in a similar way.
We first present one-dimensional computations in the FF of
a type-1 crystal at degeneracy, by assuming that the birefrin-
gence compensates exactly the dispersion, ensuring perfect
collinear phase-matching. Fig. 5a presents the well known
quasi-perfect anti-correlation of the signal and idler photons,
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FIG. 5. Far-field 1-D signal-idler correlations for a type 1 crystal (a)
no diffusing medium (b) a scatterer in the FF (c) a scatterer in the NF
(d) scatterers both in the NF and in the FF.
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FIG. 6. Far-field 2-D signal-idler intensities and correlations for a
BBO crystal. (a) sum of the signal and idler intensities (b) rs + ri
correlation without scatterer (c) rs + ri correlation with a scatterer in
the NF (d) rs−ri correlation with a scatterer in the NF (e) rs +ri cor-
relation with scatterers in the NF and in the FF (f) rs− ri correlation
with scatterers in the NF and in the FF.
corresponding to opposite wave-vectors. We have verified
other well known features, like a shortening of the phase-
matching range for a higher crystal length, or widening of the
line for a narrower pump beam. Fig. 5b shows that insert-
ing a pure phase scatterer in the FF has no effect, since it is
equivalent to changing the phase of the biphoton wave func-
tion, with no consequence on the joint probability. This is the
FIG. 7. Speckle-like FF correlation function obtained when D1 is
removed in the setup depicted in Fig. 3
experimental situation reported in Fig. 4d, with no enlarging
of the correlation peak. On the other hand, Fig. 5c shows that,
when inserting a scatterer in the NF, the phase matching line
becomes a speckle with lines parallel to the phase-matching
line, as shown experimentally in Fig. 4a of Ref4 by recording
temporal coincidences with punctual detectors. With scatter-
ers in both planes, Fig. 5d, there are no more lines, in good
agreement with the Fig. 4c of this reference.
Second, we present, still in the FF, 2-D results for a type-2
BBO crystal of the same 0.8 mm length as in the experiment.
Note however that, because of the quite small 32×32 number
of pixels, the lateral dimensions are smaller than in the experi-
ment, with a FWHM width of the pump beam equal to 24 µm.
In Fig. 6a, which shows the sum of the signal and idler inten-
sities, we see that non critical type-2 phase-matching occurs
around signal-idler directions that are shifted each-other from
the walk-off angle18 Without scatterer, we retrieve in Fig. 6b
the narrow peak of the correlation function between the signal
image and the 180◦ rotated idler image, Fig. 4b in the experi-
ment. Fig. 6c shows the speckle-like pattern obtained, with a
thin scatterer in the NF, on the correlation between the signal
and the rotated idler. The experimental speckle-like pattern
(Fig. 7) obtained first in6 is similar, and both results can be
explained by the transformation of the phase-matching pattern
in speckle shown for the 1-D case in Fig. 5c. If the correla-
tion is realized without rotation, we obtain a beam without
speckle structure, Fig. 6d, meaning that the photons do arrive
by pairs, but without analogy with a coherent speckle. Last,
Fig. 6e and. Fig. 6f are obtained for scatterers in both the NF
and the FF planes. Because of the addition of speckles gener-
ated for rs + ri as well as for rs− ri (see Fig. 5d), we see only
a whole beam structure, with some deformations.
The above-described method has clear advantages and
drawbacks. For a pure biphoton state, it gives the full wave
function, i.e. the most complete information, from which all
statistical properties, like means and (co)variances, can be
easily retrieved. Another advantage comes from the volume
of calculations: a simple integral for each value leads to a vol-
ume proportional to N3, if N is the total of number of pixels in
an unidimensional or bidimensional image. The main draw-
back comes from the assumption of independence between
pairs. With this formalism, it is not possible to describe phe-
nomena like squeezing, bunching or antibunching, that occur
in optical parametric amplification for higher gains, where the
generation of a pair can seed the generation of another. To de-
scribe these phenomena, the two quadratures of the field must
be taken into account. At high gains, stochastic simulations
based on the Wigner formalism17,19 are certainly the most ef-
ficient, with a calculation volume proportional to R×N, where
R is the number of repetitions of the simulation. At high gain,
the corrections that allow the retrieval of the normally-ordered
operators from the symmetrized ones can be neglected. In this
case, it appears that one occurence of the simulation repro-
duces the main qualitative features, including fluctuations, of
a single experimental shot20 Nevertheless, from a theoretical
point of view, only averages of a great number of simulations
make sense, and this number can be huge at very small gain,
where the effects of the introduced input quantum noise must
5be strongly averaged21. Fortunately, this regime corresponds
to the conditions where the method developed in the present
paper is accurate.
The Green function method, developed in19,22 gives good re-
sults whatever the gain, for a computation time proportional
to N3, like the present method. Both the stochastic and the
Green function methods do not give access to the entire wave-
function, that has anyway a prohibitive number of elements
for an image with several photons per pixel, but allow the
calculation of the statistical features of the images. To sum-
marize, the three methods have complementary validity do-
mains. The calculation of the biphoton wave function, devel-
oped here, gives a complete information, i.e. probability am-
plitudes, for very small gain, with a computation time which
scales as N3, N being the total number of pixels. At high gain,
a stochastic simulation is much more rapid, with a computa-
tion time proportional to N, and gives access to the statistical
features as well as to the appearance of a single experiment.
The Green function method is valid whatever the gain, with a
computation time proportional to N3 and results that give the
statistical features of the images.
We have presented here first an extension to thick diffusing
media of our previous work of correlation imaging of entan-
gled photons traversing a diffusing medium. Second, we have
shown that a simple numerical method allows the biphoton
wave-function to be retrieved, with results in good agreement
with the experiment. The immediate extension, in progress,
would be a full characterization of the pixel to pixel coinci-
dence speckles, by using no more a global correlation func-
tion. We expect, in agreement with the theory of Ref.11 to re-
trieve the good contrast that disappears when averaging over
all speckles with the same coordinates difference or sum. An-
other perspective would be using more realistic thick media
to characterize at which extent entanglement survives, as the-
oretically studied in10. Last, control of scattering by using a
spatial light modulator5 opens important perspectives.
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